Introduction
in middle to late Mississippian and/or Pennsylvanian times, through a Devonian/Mississippian basin lying to the south of the Lower Paleozoic Longford Down inlier upon which Navan is situated ( Figs. 1 and 2 ). In concert with this idea, Braithwaite and Rizzi (1997) argue that the deposit is entirely epigenetic, and Peace and Wallace (2000) further assert that the Boulder Conglomerate, host to 3 percent of the ore, acted as a permeable cap to mineralization (Figs. 3 and 4) .
These ideas contrast strongly with previous structural and isotopic interpretations which concluded an early to mid-Mississippian age for the mineralization, i.e., that mineralization began shortly after host-rock deposition and lithification and continued into Boulder Conglomerate times where evidence supporting exhalative mineralization has been recorded (Boyce et al., 1983a; Ashton, 1995; Ford, 1996) . Vertical convection of modified seawater was invoked to explain such an early age for what has been assumed to have been mesothermal (though nonmagmatic) mineralization (Mills et al., 1987; see Bischoff et al., 1981; Everett et al., 1999a; Lewis and Couples, 1999) . We might characterize this type of mineralization as associated with sedimentation, i.e., syndiagenetic but derived from mesothermal (150°-250°C) solutions, previously referred to as Irish-type (Russell and Skauli, 1991) .
Where both schools of thought are in agreement is in the role that east-northeast-trending extensional faults, of which the largest locally display listric profiles, play in the overall disposition of the orebody (Figs. 1-3) . But other minor, often steeply dipping, normal faults trending northwest as well as north-northeast, northeast, and east-northeast, also affect the orebody. These faults are truncated by the major extensional faults indicating that they developed prior to, or coeval with, early to mid-Mississippian extensional tectonism. Confusing the issue is that the Zn + Pb ore is hosted by (Mississippian) carbonate. Whatever the sources of the mineralizing fluids and whatever the relative timing of the mineralization, reactions between a carbonate host and hydrothermal solutions will tend to result in comparable sulfide morphologies; a kind of convergent evolution encouraged by the common environment (Russell and Skauli, 1991) . Anderson (1990) and Anderson et al. (1998) demonstrate that the δ 34 S of sulfides within the Navan deposit has a bimodal distribution, part bacteriogenic and part hydrothermal ( Ashton, 1995; Anderson et al., 1998) .
FIG. 4. Diagrammatic stratigraphic column in the Navan deposit (adapted from
reduced from Mississippian seawater sulfate circulating in the host rocks. As reactive iron is a negligible constituent of the host rocks, this bacteriogenic sulfide remains in solution until it meets with the hydrothermal metals. Indeed, more than 90 percent of the sulfide ore is due to the bacteriogenic contribution (Fallick et al., 2001) . In order to discriminate between the two opposing hypotheses, we seek evidence to elucidate which of these fault types acted as conduits for the metal-bearing fluids and, just as importantly, which allowed seawater-derived solutions bearing bacteriogenic sulfur to gravitate down into the host rock. As a corollary, we also consider which fault geometries, if any, acted as barriers to permeating fluids.
If mineralization could be shown to have occurred after the full development of the B and T faults (i.e., as in the Mississippi Valley-type model), then these particular faults could have acted as the main conduits for the metal-bearing fluids (Fig. 6) . Thus, an expectation of the Mississippi Valley-type model is that positive (nonbacteriogenic) δ 34 S signatures in early sulfides would be associated with the major, partly listric, east-northeast, extensional faults which would have acted as conduits for mineralizing fluids from the south. As lead enrichments are also clear indicators of feeder zones (see Taylor and Andrew, 1978; Taylor, 1984; Andrew and Ashton, 1995) , they too should feature in all of these relatively later active, major east-northeast-trending listric faults. A further expectation of the Mississippi Valley-type model is for the minor faults to contain sulfides deposited from solutions previously mixed in, or proximal to, the major listric faults. That is, their isotopic values will progress from the heavier signatures of the hydrothermal end-member, to lighter bacteriogenic values with increasing distance from the major faults.
Conversely, if the start of mineralization had occurred prior to the main movements on the B and T faults, that is, during/after the development of the early steeply dipping minor north-northeast, northeast, and east-northeast normal fault sets, then this suite of minor faults must have carried the bulk of the upwelling hot metal-bearing fluids (Fig. 7) . (The northwest faults were not examined in this study.) On occasion, these same faults would also have been accessible to downdrafts of sulfate-as well as bacteriogenic sulfide-bearing seawater ( Fig. 7 ) (e.g., Ashton, 1995; Anderson et al., 1998) . We might then expect that, as these two fluids mixed, an increasingly negative δ 34 S signature with distance from all faults would be apparent. The other expectation from what we term here as the Irish-type is that lead enrichments will be more allied to the minor near-vertical north-northeast, northeast, and east-northeast normal faults, rather than the major listric (B and T) faults, as it is the former that would be in a position to best tap any upwelling solutions.
In the event, we find that both heavy sulfur and especially lead enrichments are associated mainly with the early northnortheast, northeast, and east-northeast normal faults. Negative values are also recorded in one such fault, implying that it, at least, was also open to the Mississippian Sea. The listric faults are only occasionally, and then tangentially, associated with the centers of mineralization as revealed by the lead distribution contours. Comminution of sulfide rapidly deposited in the minor fault sets is suggestive of an early (early to midMississippian) phase of mineralization. Thus the Mississippi Valley-type model for post-Chadian initiation of mineralization at Navan does not survive these particular tests.
Geological Setting

Stratigraphy
The basement to the Navan deposit comprises Lower Paleozoic metasedimentary and volcanic rocks of lower greenschist facies, intruded by Upper Silurian lamprophyres and syenites (Ashton et al., 1992; Anderson et al., 1998) . These lithologies also outcrop in the Longford Down inlier to the northeast of the deposit (Fig. 1) . They have suffered complex folding and faulting, a result of Caledonian tectonism (Harper, 1952; Phillips et al., 1976; Romano, 1980; Morris, 1984; Murphy et al., 1991) . Overlying the Lower Paleozoic package with regional unconformity is a thin (≤40 m) sequence of littoral, fluvial polymict conglomerates, sandstones, and siltstones of Lower Mississippian age, termed the Red Beds (MacDermot and Sevastopulo, 1972; Clayton and Higgs, 1978; Philcox, 1984; Mallon, 1997) . The greater part of the Navan deposit is hosted by the lowermost stage of the Mississippian, which overlies the thin Red Bed sequence (Fig. 4) . These "Pale Beds" (in mine terminology) within the Navan Group consist of a lower Courceyan sequence of transgressive carbonate and siliciclastic lithologies. The Navan Group also comprises the overlying Shaley Pales, and these, along with the rest of the Mississippian succession, dip to the southwest at 15 o to 20 o . Conformably overlying the Navan Group is the Argillaceous Bioclastic Limestone Group that outcrops outside the mine area and includes Waulsortian Mudbank Limestones (MacDermot and Sevastopulo, 1972) . Both the Navan Group and the Argillaceous Bioclastic Limestone Group are truncated locally by a submarine erosion surface that has excavated through the complete Mississippian sequence towards the southeast (Boyce et al., 1983a; Ashton, 1995) .
The erosion surface is overlain by a polymict megaconglomeratic series of debris flows of Chadian age (Boyce et al., 1983a; Philcox, 1989; Ashton et al., 1992; Ford, 1996 Cartoon model illustrating the occurrence of mineralization during/after the development of the early steeply dipping minor north-northeast, northeast, and east-northeast normal fault sets, but in the main, prior to movements on the B and T faults (syndepositional mesothermal or Irish-type model). The minor north-northeast, northeast, and east-northeast normal faults carry the bulk of the upwelling hot metal-bearing fluids but are also the loci for the downdrafts of bacteriogenic sulfide-bearing, seawater-derived solutions. In the event, this model is favored by our analyses.
(2000), some of the Navan Group clasts were demonstrably mineralized prior to their redeposition (plate 19 in Ashton et al., 1992; plates 191 and 192 in Ford, 1996; see Fig. 8) . The Boulder Conglomerate is itself overlain by the Fingal Group Upper Dark Limestones of upper Chadian to Asbian age (Rees, 1987; Strogen et al., 1990) .
Structure
Several large northeast/southwest-trending fractures cross the mine area and its periphery, namely the Randalstown and Castle faults to the northwest, and the D fault to the southeast ( Figs. 1 and 2 ). These Caledonoid faults have a long history of reactivation up to and including the late Pennsylvanian (~300 Ma) (Phillips and Sevastopulo, 1986) . Within the deposit itself, major lower to mid-Mississippian extensional faulting is represented by the partly listric east-northeasttrending B and T faults (Figs. 1 and 2), and related M, P, and Y structures further to the southwest, all of which downthrow to the southeast. These faults, as well as the Liscarton fault which downthrows to the northwest, define a southwestplunging, asymmetric horst structure in the northern part of the deposit (Fig. 3) . As the Courceyan units are not attenuated over the horst block, and the Boulder Conglomerate is conformably overlain by the Fingal Group, we deduce that the erosion surface and associated extensional faulting did not develop until the middle to late Chadian. Indeed, according to Andrew (1992) , the Navan area was the site of differential subsidence in early Mississippian times, and throughout the deposition of the Pale Beds it was a local depocenter.
There are numerous minor steeply dipping normal faults that are, in places, truncated by the larger, partly listric structures. The minor faults trend from northwest and northnortheast, through northeast to east-northeast, and are apparently confined to early to mid-Mississippian lithologies. They predate or are coeval with the earliest movements on the major, partly listric, east-northeast-trending extensional faults that locally propagated some way into the overlying Arundian strata.
Mineralization
The Navan deposit comprises six ore lenses which occur predominantly within the Pale Beds succession (Figs. 2 and 4). The most laterally extensive basal 5 lens comprises around 70 percent of the known ore tonnage at Navan (Figs. 2 and 3 ). 27 percent of the remaining ore occurs in the succeeding five lenses (4, 3, 2, 1, and U lenses). Stratigraphically above these lenses, around 3 percent of the mineralization is hosted by the Boulder Conglomerate, and is termed the Conglomerate Group Ore. Mineralization within the Conglomerate Group Ore is typified by massive and bedded pyrite (Ashton et al., 1992; Ford, 1996) , with subordinate developments of sphalerite and galena. Neptunian dykes, interpreted as resulting from strong extension during the formation of the erosion surface and the Boulder Conglomerate, dislocate sphaleriterich veins within unroofed 5 lens lithologies (Ashton et al., 1992) . In addition, rotated, truncated mineralized Pale Beds clasts have been observed in the Conglomerate Group Ore (Ashton et al., 1992; Ford, 1996; Anderson et al., 1998) , though it should be noted here that Peace and Wallace (2000) suggest that these clasts have been "stoped upward" during hydrothermal brecciation. Minor, pyrite-rich, stratiform mineralization in the basal Upper Dark Limestones (Thinly Bedded Unit; Fig. 3 ) indicates that metallogenesis continued into the lowermost Arundian, albeit at a reduced rate. At Navan, therefore, there is good evidence supporting a minimum age of metallogenesis around 345 Ma (Ashton et al., 1992; Ford, 1996; Anderson et al., 1998) . Counter to the interpretations of Peace and Wallace (2000) , these observations strongly suggest that the Boulder Conglomerate formed after the beginning of mineralization at Navan. However, a well constrained date for the onset of mineralization itself has yet to be defined. Nevertheless, a period of mineralization, perhaps discontinuous, of ~10 m.y. is suggested by the relative ages of the host rocks (Lewis et al., 1995) .
Scientific Method
The study was focused on the lowest 21 meters of the basal 5 lens of the Navan deposit (Fig. 9a) . The lithological footwall of the orebody is delineated by a green shale recognizable throughout most of the deposit, and is located in the Micrite Unit (Fig. 9a) . The Micrite Unit forms a distinctive pale grey horizon containing oncolitic and "bird's-eye" textures. Rizzi (1992) has recorded anhydrite nodules in the Micrite Unit, which indicates deposition from a high-density, high-salinity, evaporated seawater. The base of a dolomitic calc-arenite termed the 5 lens Dolomite (Fig. 9a) , which acts as an important control to ore localization in the western part of the deposit (Rizzi, 1992; Anderson et al., 1998) , was chosen as the upper stratigraphic limit of the study.
Estimation of lead contents
The assumption that the major, partly listric east-northeast faults acted as conduits for metal-bearing fluids at the Silvermines Zn + Pb + barite SEDEX deposit, has been shown by Taylor (1984) , using Pb/Zn distribution patterns, to be incorrect (and see Rhoden, 1958 (Anderson et al., 1998) : these ossicles are not replaced by sulfide. distribution patterns in the same way at Navan, Andrew and Ashton (1995) went on to show that the partly listric, major extensional faults also did not coincide with high Zn + Pb trends. Instead, as at Silvermines, it appeared that it was the preexisting cross faults and minor fractures that acted as the feeders. Since those early studies, upgraded software and the amassing of a greatly enhanced dataset over a much larger area of the Navan deposit has given us the opportunity to reassess the original findings. Thus we have used Outokumpu Tara Mines' computerized ore reserve systems, based on (Ashton and Harte, 1989) , to determine the percentage lead distributions within the orebearing horizons. Average metal contents have been calculated for 10 × 10-m blocks using appropriate 3 m stratigraphic slice ranges and inverse distance weighting methods (Ashton and Harte, 1989) .
Sampling, reflected light microscopy, and isotopic technique
Sampling: As the objective was to elucidate the sources of the sulfur and the relationship of ore depositional processes to faulting and thereby to assess the relative merits of the two hydrogeological hypotheses, a profile survey of δ 34 S values across the various fault generations has been completed. A suite of samples was selected to cover material exhibiting all the ore textures and parageneses described in Anderson et al. (1998) . The profile (Fig. 9a and b) is located in the northeastern section of the deposit (see Fig. 10 ). The study was concentrated in the lowermost 5 lens within the Micrite Unit and beneath the 5 lens dolomite (Fig 9a) . The profile intersects the B fault (trending east-northeast) and five minor faults, trending from north-northeast to east-northeast, associated with a distinct lead enrichment trend. 95 samples were analyzed from 19 diamond drill-hole (DDH in sample labels) cores taken along the profile length (~115 m).
Reflected light microscopy: Polished blocks have been examined in reflected light to ascertain mineral parageneses and to give an indication of the dynamism or otherwise of conditions at, and following, the time of mineral precipitation in an area singled out for our isotopic study (see profile in Fig.  9a and b) .
Isotope technique: In situ laser analyses of sulfide δ 34 S in polished blocks, selected on the basis of the petrological study, were made using the established technique described by Kelley and Fallick (1990) . The sulfur dioxide produced was analyzed online by a VG SIRA 2 mass spectrometer. All sulfur isotope results are expressed in conventional delta (δ 34 S) notation, as per mil deviations relative to Cañon Diablo troilite. Reproducibility based on complete duplicate analyses (including combustion) was better than 0.3 per mil.
Lead Distribution Results
We report here a composite of the percentage lead distribution patterns for the lowest 12 m of the Navan deposit, corresponding to the lowest part of the basal 5 lens (Fig. 10) . Plots of the metals and metal ratios and individual 3 m slices in the 5 lens can be obtained from authors R.J. Blakeman and J.H. Ashton. Lead enrichment trends do not correlate with the strikes of the B and T faults, although highs can be found along their traces. Instead, enrichments run obliquely to these structures, following north-northeast, northeast, and east-northeast trends (Fig. 11) . Fig. 9a and b) .
INTERPLAY BETWEEN FLUIDS, NAVAN OREBODY, IRELAND
Interpretation of the Lead Distribution Results
The role of the minor north-northeast, northeast, and eastnortheast structures in localizing ore-grade mineralization is demonstrable (Fig. 10) . The lead enhancements are not constant along the strike directions of the major east-northeast, partly listric extensional faults, although areas of isolated enrichment do occur within these faults (Fig. 10) . The highs are arranged along a northeasterly trend that parallels the Caledonoid structures and faults seen in the vicinity of the orebody. This finding is consistent with that of Andrew and Ashton (1995) . These patterns strongly suggest the influence of Caledonoid fault complexes on mineralization (e.g., Randalstown, Castle, and D faults) (Figs. 1 and 2) . The isolated areas of enrichment along the B and T faults we interpret as delineating intersections of those fractures with such basement fault zones. Thus, the listric faults have not acted as major conduits to the mineralizing solutions, contrary to the expectations of the Mississippi Valley-type model. Figure 12 illustrates the textures observed 0.5 m into the footwall of a northeast-trending fault intersection (DDH U12477). Early comminuted marcasite blades are surrounded by paragenetically later coarse granular sphalerite. Figure 13 exemplifies the textures found in DDH U12473, located 1 m into the footwall of a northeast-striking normal fault toward the northwest end of the profile. Here we observe resorbed cubic galenas that now show pseudodendritic (skeletal) textures, surrounded by pyrite (including framboidal pyrite) with minor cubic crystalline centers. Sphalerite and dolomite enclose this assemblage. the footwall of a north-northeast-trending early minor fault, displays early galena surrounded by framboidal pyrite which is in turn cut by later sphalerite (Fig. 15) . DDH U12478 is located 15 m away from any observed fault (Fig. 16) . Here sphalerite is intergrown with dolomite and minor pyrite.
Mineral Textures
To generalize in the area of study, it appears that early comminuted bladed marcasite predates bladed galena and granular sphalerite. Then, resorbed cubic galenas predate framboidal pyrite. Sphalerite and dolomite follow. Galena is also surrounded by framboidal pyrite that in turn is cut by later sphalerite. Yet early sphalerite (some with truncated colloform textures) is enclosed by minor barite and pyrite; the ensemble is overgrown by colloform pyrite. Later galena predates a sphalerite honeyblende matrix. Elsewhere, sphalerite is intergrown with dolomite and minor pyrite. This chaotic paragenesis is indicative of deposition in far-from-equilibrium conditions, conditions implied too by the colloform, rhythmically banded sphalerite of Anderson et al. (1998) , as well of the rapidly fluctuating sulfur isotopes seen in a composite galena blade (Kelley and Fallick, 1990 ; figures 13B and 24 in Anderson et al., 1998 ; and see Letnikov, 1997) .
Sulfur Isotope Analyses
Sulfur isotopes
Assuming that the metal distribution patterns define the metal-bearing fluid conduits, then determining the origin of the fluids in the paleohydrologic system operating during mineralization allows discrimination between the Mississippi Valley-type and Irish-type hypotheses. In order to do this, we have completed a systematic high-resolution δ 34 S and ore mineral textural study across five minor faults associated with FIG. 14. Photomicrograph of DDH U12472, located less than 1 m into the hanging wall of a minor northeast-trending fault, showing clasts of comminuted sphalerite (Sp) (with minor pyrite and barite), overgrown by collomorphic pyrite (Py) and galena (Ga), and a subsequent infilling matrix of fine-to course-grained "honeyblende" sphalerite (Sp). Ca = calcite. an enhanced lead trend, and one adjacent major (B) fault within the Navan 5 lens. Anderson et al. (1998) demonstrated a correlation between δ 34 S values and mineral textures and paragenetic position (Fig. 17) . Early coarse bladed, zoned, and granular textures exhibit relatively high δ (Fig. 13) . 1 m into the hanging wall of a northeast-trending fault, sulfides in sample DDH U12472 range to appreciably light values. For example, δ 34 S in comminuted clasts of early sphalerite ranges from -1.4 to -17.4 per mil, and colloform pyrite overgrowths have an average δ 34 S of -28.9 per mil. Also, later galenas have average δ 34 S of -17.2 per mil, and the later sphalerite honeyblende matrix has δ 34 S ranging from -7.7 to -22.1 per mil (Fig. 14) . Low δ 34 S values are also a feature of sample DDH U12493 collected from ~5 m into the footwall of a north-northeast-trending early minor fault. Galena averages -11.4 per mil, framboidal pyrite -29.9 per mil, and later sphalerite averages -13.2 per mil (Fig. 15) . Values of δ 34 S continue to be low 15 m away from any observed fault, as in the sphalerite in DDH U12478 which averages -9.7 per mil and minor pyrite which returns an average δ 34 S of -25.3 per mil (Fig. 16) .
INTERPLAY BETWEEN FLUIDS, NAVAN OREBODY, IRELAND
Were the sulfides to have been precipitated in isotopic equilibrium, pyrite should always have the highest δ 34 S, with sphalerite next highest, and galena the lowest δ 34 S (Ohmoto and Goldhaber, 1997) . At the likely highest temperature of hydrothermal ore deposition at Navan (i.e., 200°C; Everett and Wilkinson, 2000) , the isotopic differences should be around the following: δ 34 S py-sp = 1.3 per mil; δ 34 S py-ga = 4.5 per mil; δ 34 S sp-ga = 3.3 per mil (Ohmoto and Goldhaber, 1997) . In all of the specimens analysed, isotope relationships indicate disequilibria. The δ Anderson et al., 1998). with the findings of Anderson et al., (1998) for the Navan deposit as a whole, and Anderson (1990) for 5 lens in particular (see Fig. 5 ). Figure 19 shows the distribution of δ 34 S values with respect to distance from the nearest fault, and its location in either the footwall or hanging wall. Bladed marcasite (Fig. 19c) , which only occurs within 3 m of a fault, has the most positive δ 34 S (9.6-17.5‰; see also Anderson et al., 1998) . Galenas (Fig. 19b) similarly show positive δ 34 S close to faults (9.3-15.8‰), whereas away from faults only negative values are encountered (-5.9 to -26.4‰). Sphalerite (Fig. 19a) (Fig. 19c) . The apparent background is constant at a δ 34 S value of ~-30 per mil. A positive shift occurs only within 3 m of the fault, in both the footwall and hanging wall, although there is a strong negative shift close to the fault plane itself.
Interpretation of Sulfur Isotope Data and
Mineral Textures Precipitation of sulfides with positive δ 34 S values took place directly from cooling, and therefore increasingly supersaturated, decreasingly buoyant, metal-bearing fluids. These fluids not only invaded the faults, they also initially displaced the dense bacteriogenic sulfide-bearing fluids from a zone in the footwall host rock up to 3 m across ( Fig. 19 ; cf. Rizzi, 1992) . To explain this disposition of the isotope values, we speculate that hydrostatic pressure may have been lower in the footwall, perhaps a result of gravitation of the ambient brine to depth during tectonism, so encouraging the development of secondary convection cells in and paralleling the minor faults (Sibson et al., 1975) .
According to Anderson et al. (1998) , the sulfur-to-metal ratio present in the hydrothermal fluid was low. Experimental work by Bischoff et al. (1981) also illustrated that the sulfide-bearing capacity of the hydrothermal ore fluids feeding the Irish deposits was low. Thus, the additional bacteriogenic S values (sphalerite, galena, marcasite, and pyrite) with respect to the nearest fault, and whether the sample was located in either the footwall or the hanging wall.
sulfide source is essential to achieve high tonnage. Fallick et al. (2001) illustrate that at Navan, more than 90 percent of ore-grade sulfide was bacteriogenic. Our observation that negative δ 34 S values reflect the dominance of bacteriogenic sulfide away from the feeder faults is in concert with their results. The positive δ 34 S values in galena and sphalerite samples correlate with high lead concentrations. Thus, while the minor north-northeast, northeast, and east-northeast faults, as well as the B fault, acted as conduits for the metal-bearing fluids, the conclusion is forced that the earlier near-vertical set was the more exploited ( Fig. 19a and b) . It follows that the second of the two alternative hypotheses, i.e., the syndiagenetic mesothermal or Irish-type model depicted in Figure 7 , is the more consistent with the mineralogical and isotopic constraints.
The Irish-type model is also favored by the further observations discussed below. The distribution, textures, and δ (Figs. 17c  and 18c ). Conversely, pyrite reflects a somewhat similar pattern to galena and sphalerite with a positive shift in δ 34 S within ~3 m of the faults (Fig 18a, b, and c) . However, sample DDH U12498, located within 1 m of a northeast-trending minor fault, returned strongly negative δ 34 S values. We interpret this result as reflecting the gravitation of sulfate-bearing saline seawater containing highly fractionated, bacteriogenically reduced sulfide from above, into the feeder conduits on at least one occasion.
It is important to note here that pyrite δ 34 S is always substantially lower than the base-metal sulfide δ 34 S; i.e., the extent of bacteriogenic fractionation is greater leading up to pyrite deposition than that operating during Zn + Pb sulfide deposition. This is highlighted by sample DDH U12472. Here, the extremely low δ 34 S pyrite deposition occurs before and after base-metal sulfide precipitation, indicating that a change in the sulfuretum (the bacteriogenic sulfide producing system) takes place before and after mineralization pulses. It may be that this excursion and reversion reflect a bacterial consortium operating in more oxidizing conditions during periods of quiescence (pyrite deposition), allowing increased disproportionation cycles during dissimilatory bacterial reduction of sulfate, likely involving intermediate, largely bacterially-mediated reactions with thiosulfate, sulfite, and sulfur (Jørgensen, 1990; Thamdrup et al., 1993; Canfield and Thamdrup, 1994; Cypionka et al., 1998; Finster, et al., 1998) . A corollary of this observation is that the sulfide in pyrite cannot be the source of base-metal sulfide, as remobilized pyrite sulfide would simply retain its original δ 34 S signature (see also Boyce et al., 1983b; Anderson et al., 1989) .
Furthermore, the extent of bacteriogenic fractionation (on average in the base-metal sulfides, δ 34 S sulfate-sulfide = 36‰; greater for pyrite) in all sulfides indicates a dominance of open system reduction of sulfate. Thus, whilst it is clear from our observations that bacteriogenic sulfide penetrated beneath the seafloor, the seawater sulfate reservoir was accessed throughout the main mineralizing event.
Evidence of oscillations in the mixing front between the predominantly metal-bearing hydrothermal solutions and bacteriogenically reduced sulfide-bearing fluids can be gleaned from sample DDH U12473 (Fig. 13) . Here, early galena is partially resorbed and overgrown by later pyrite with a bacteriogenic signature. But still later sphalerite overgrowths show a strong positive shift in their δ 34 S signatures, indicating deposition from later hydrothermal, positive δ 34 S-rich solutions. Whether pyrite or marcasite is precipitated from low-to medium-temperature hydrothermal solutions depends on pH (Murowchick and Barnes, 1986; Schoonen and Barnes, 1991) . In this study, marcasite is seen to be precipitated paragenetically early in an environment dominated by deep-seated, metal-bearing fluids with positive δ 34 S values. The conditions of the hydrothermal fluids prevailing during the very earliest phase of sulfide deposition (prior to reaction with the micrite units) are likely to be acidic (Bischoff et al., 1981) . Thus, marcasite precipitation is favored. Moreover the marcasite is bladed, a morphology to be expected where precipitation was rapid under relatively low pH conditions. It is also comminuted (samples DDH U12477 and U12472; Figs. 12 and 13, respectively), a texture indicative of early postdepositional fault-related and/or hydraulic/chemical brecciation (Sawkins, 1969) . We reiterate that marcasite is only found in or near faults and always carries a positive δ 34 S value and bladed texture, indicating that the incoming hydrothermal fluid was acidic.
Conclusions
A profile located within the basal 5 lens which represents 70 percent of the known tonnage of the Navan orebody was subjected to a detailed δ 34 S survey, based on a careful petrographic, structural, and metal distribution study. The profile traverses both minor north-northeast, northeast, and eastnortheast fractures each associated with distinct lead enrichments, and one partly listric, major east-northeast fault, the B fault, with occasional lead enrichment. Sulfides with relatively high δ 34 S (0-17‰) are, without exception, found within 3 m of both the minor, steeply dipping north-northeast, northeast, and east-northeast normal faults, as well as the B fault. Combined with the lead distribution patterns, this sulfur isotope pattern points to the role of the minor, steeply dipping, normal structures as hydrothermal feeders. The partly listric B fault, although accommodating metal-bearing fluid flow, played a secondary role in the genesis of 5 lens. Bacteriogenic sulfide (δ 34 S ≤ -5‰) dominates away from these faults (and throughout the deposit in general; Anderson et al., 1998; Fallick et al., 2001) .
The presence of negative δ 34 S values associated with pyrite close to these fractures shows that, at times, the locally derived cooler bacteriogenic sulfide-bearing saline seawater-derived fluid also gained access to these faults. The fact that where observed in drill-core and underground exposure, the minor faults along the investigated profile are infilled by carbonate, also indicates that fluids were capable of moving freely within these fractures, allowing simultaneous access to hydrothermal solutions from below as well as to seawater-derived brine from above. These observations are not consonant with fault trapping, and are inconsistent with the expectations of the Mississippi Valley-type model of mineralization for Navan.
The textural observations reported here indicate that active faulting took place during the earliest part of the mineralizing process. These active faults allowed pulses of the deep-seated hydrothermal metal-bearing fluid to periodically displace the locally derived bacteriogenic sulfide-bearing fluid. The chemical and physical disequilibria between these two fluids is reflected in the mineral phase boundaries and the disordered δ 34 S values recorded for adjoining sphalerite, galena, and pyrite ( Figs. 12-16; Appendix 1) .
No evidence can be discerned on the minor north-northeast, northeast, and east-northeast faults on our profile, which anyway are confined to early to mid-Mississippian lithologies, to demonstrate movements during late Pennsylvanian tectonism. Therefore, the onset of metallogenesis at Navan must be placed early in the rifting history of the Irish Midlands, i.e., during the early to mid-Mississippian. This conclusion is in agreement with the arguments of Ashton et al. (1992) and Anderson et al., (1998) . It is also in concert with observations at the Silvermines and Tynagh SEDEX deposits (e.g., Russell, 1975; Taylor and Andrew, 1978; Boyce et al., 1983b Boyce et al., , 1999 Banks, 1985) .
Our conclusion that a deep-seated Caledonoid structure (or suite of structures) was one of the controls of mineralization at Navan, and that metal-bearing fluids flowed through the basement, is consistent with the findings of Anderson et al. (1989) and Boyce et al. (1983b) that diagenetic sulfides within the basement lithologies were the source of positive δ 34 S values associated with the metal-bearing fluid. Such a deep hydrological system is also compatible with fluid inclusion, isotopic, and halogen studies conducted elsewhere in the Irish orefield (Boyce et al., 1983b; Samson and Russell, 1987; Banks and Russell, 1992; Everett et al., 1999a and b; Gleeson et al., 1999) .
Thus, there is now overwhelming evidence that metallogenesis in the Irish Midlands commenced during the early to mid-Mississippian. It involved syndiagenetic replacement and, in places, exhalative deposition. For example, the discovery of fossilized vent structures and fauna presented by Boyce et al. (1983b) , Banks (1985) , and Boyce et al. (1999) , demonstrates seafloor exhalative activity at both Silvermines and Tynagh at or around 355 Ma. Consistent with these findings is the fact that about 98 percent of the total tonnage of base metals (economic and noneconomic) within the Irish ore field occurs within early to mid-Mississippian strata (see Andrew, 1986; Johnston, 1999) , a pattern of significance in mineral exploration. Only about 2 percent of the mineralization occurs within supra-Chadian lithologies. These are tightly clustered into the Kildare district in the eastern Irish Midlands (Hitzman and Beaty, 1996) .
Of the current published models for the genesis of the Irish base metal ore field, only that of Russell (1978 Russell ( , 1986 , invoking circulation of seawater-derived metal-bearing fluids through the Lower Paleozoic basement, at temperatures ≤260 o C, leading to epigenetic and syndiagenetic replacive mineralization, and in some deposits, syngenetic exhalation onto the sea floor, is consistent with our findings: that is, mineralization took place during active, normal faulting, including the reactivation of basement structures, in the early to mid-Mississippian. 
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